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Enhanced Mortality Risk Prediction With a Focus on High-Risk Percutaneous Coronary Intervention
Objectives This study sought to update and validate a contemporary model for inpatient mortality following percutaneous coronary intervention (PCI), including variables indicating high clinical risk.
Background Recently, new variables were added to the CathPCI Registry data collection form. This modification allowed us to better characterize the risk of death, including recent cardiac arrest and duration of cardiogenic shock.
Methods Data from 1,208,137 PCI procedures performed between July 2009 and June 2011 at 1,252 CathPCI Registry sites were used to develop both a "full" and pre-catheterization PCI in-hospital mortality risk model using logistic regression. To support prospective implementation, a simplified bedside risk score was derived from the pre-catheterization risk model. Model performance was assessed by discrimination and calibration metrics in a separate split sample.
Results In-hospital mortality was 1.4%, ranging from 0.2% among elective cases (45.1% of total cases) to 65.9% among patients with shock and recent cardiac arrest (0.2% of total cases). Cardiogenic shock and procedure urgency were the most predictive of inpatient mortality, whereas the presence of a chronic total occlusion, subacute stent thrombosis, and left main lesion location were significant angiographic predictors. The full, pre-catheterization, and bedside risk prediction models performed well in the overall validation sample (C-indexes 0.930, 0.928, 0.925, respectively) and among pre-specified patient subgroups. The model was well calibrated across the risk spectrum, although slightly overestimating risk in the highest risk patients.
Conclusions Clinical acuity is a strong predictor of PCI procedural mortality. With inclusion of variables that further characterize clinical stability, the updated CathPCI Registry mortality models remain well-calibrated across the spectrum of PCI risk. The CathPCI Registry mortality risk prediction models were developed to standardize assessment of percutaneous coronary intervention (PCI) outcomes in a discipline where patient characteristics are associated with more than a 100-fold variation in expected mortality (1, 2) . These models have multiple clinical applications, including use for patient and family counseling (3) and serving as a foundation for quality assessment and improvement initiatives (4, 5) . To satisfy these various applications, 3 mortality risk models have been previously developed, including a "full" model with angiographic details, a pre-catheterization model, and a simplified bedside risk score (2) . Although each of these models has unique strengths, all 3 have been shown to have excellent performance in contemporary clinical practice (2) . Whereas the existing CathPCI Registry mortality models have many assets, they have been criticized for failing to accurately define risk among "extreme risk" patients (6), such as those with cardiogenic shock and those who have suffered cardiac arrest prior to PCI. This criticism has led to concerns about whether decision makers will adopt risk-averse patterns of patient care, especially as public outcome reporting and payment incentives for procedural outcomes are becoming increasingly common (7, 8) .
In response to these concerns, and to further define risk at the highest end of the spectrum, a series of new variables were included in the 2009 updated Version 4 CathPCI Registry data clarification form (DCF v4). These variables have recently been incorporated into the CathPCI Registry risk adjustment model that is currently used for site-level outcome reporting. In this analysis, we sought to: 1) assess the association between clinical instability and in-hospital mortality following PCI in contemporary practice; and 2) evaluate the performance of the updated CathPCI Registry DCF v4 mortality models across the spectrum of procedural risk. the registry and the development of its mortality risk prediction models have been reported previously (2) . In the present analysis, patients were included if they underwent a PCI procedure at any of the 1,253 participating centers contributing data to the CathPCI Registry using DCF v4 between July 1, 2009, and June 30, 2011. Patients were excluded if they were transferred to another acute care center from the center performing the index procedure (8,619 patients were excluded, including all patients at 1 center). Only the first PCI procedure per admission was included. The resulting cohort was randomly allocated to either a model development (60%) or a model validation (40%) sample, with stratification according to the presence of STsegment elevation myocardial infarction (STEMI) to ensure appropriate distribution of these high-risk patients. As the primary analytic center for the CathPCI Registry, the Duke Clinical Research Institute performed the analyses for this risk prediction model, had complete access to the data, and vouches for its integrity.
Variable definitions. Beginning in July 2009, several updated and new variables were incorporated into the CathPCI Registry DCF v4, including those describing cardiogenic shock and cardiac arrest. In DCF v4, "cardiogenic shock" was redefined using a systolic blood pressure <90 mm Hg and/or cardiac index <2.2 l/ min/m 2 (vs. systolic blood pressure <80 mm Hg and/or cardiac index <1.8 l/min/m 2 in DCF v3), and it was further classified as occurring within 24 h or at the start of the PCI procedure (vs. at any time since hospital admission in DCF v3). "Cardiac arrest," a new variable in DCF v4, included pulseless clinical scenarios requiring cardiopulmonary resuscitation within 24 h of the PCI procedure. The definitions for other data elements are available on the NCDR (National Cardiovascular Data Registry) website (9) .
To delineate pre-procedural clinical instability, a composite variable including cardiogenic shock and procedural status was developed for use in the DCF v4 mortality models, with the following 6 ordinal categories describing decreasing levels of procedural urgency: 1) sustained shock (occurring within 24 h and at the start of PCI) and salvage; 2) sustained shock alone or salvage alone; 3) transient shock (occurring within 24 h or at the start of PCI, but not both) without salvage; 4) emergent PCI without shock; 5) urgent PCI without shock; and 6) elective PCI. Missing data. In this cohort, missing data were rare (<5%) for all variables except glomerular filtration rate (GFR) (8%) and ejection fraction (EF) (29%) and were imputed as follows: 1) for variables pertaining to past medical history, pre-procedural intra-aortic balloon pump, presence of subacute stent thrombosis, and "highest risk" coronary lesion, missing data were imputed to "no"; 2) for body mass index (BMI), missing values were imputed to the sex-specific median; 3) for GFR, missing values were imputed to the sex-, prior renal failure-, and STEMI-specific median; and 4) for EF, missing data were imputed to the strata-specific median based on a history of congestive heart failure, prior myocardial infarction, pre-procedural cardiogenic shock, and the presence of STEMI. These imputation rules have been previously shown to yield results similar to those using multiple imputation methods (2) . Statistical analysis. Potential candidate variables were screened using both clinical judgment and knowledge gained from previous mortality models. Following a review of the univariate association between potential variables and inhospital mortality, a multivariate logistic regression with backward selection was performed to identify variables for the final model (p < 0.05 for model inclusion). Spline functions were evaluated for all continuous covariates and were used in the modeling of EF (60%), BMI (30 kg/m 2 ), age (70 years), and GFR (30 and 90 ml/min/1.73 m 2 ). As with the previous CathPCI Registry model development efforts, 3 models were developed, including: 1) a "full" model with all selected candidate variables; 2) a "pre-cath" model excluding angiographic data; and 3) a "limited" precath risk prediction model including only variables with the strongest impact on the full model, based on Wald chi-square values. The full risk prediction model is currently used for institutional reporting of risk-adjusted outcomes, whereas the pre-cath and limited models have been developed to facilitate personalized patient consent and bedside risk approximation. Regression coefficients from the pre-cath model were converted to whole integers to create the simplified ("limited") CathPCI Registry mortality risk prediction score (10) . SAS statistical software (version 9.2, SAS Institute, Cary, North Carolina) was used for all calculations.
Comparison of old (v3 DCF) versus updated (v4 DCF) riskadjustment models. The risk adjustment models presented here (v4 DCF) have important differences when compared with previously published models (v3 DCF). For each of the updated (v4 DCF) models, consistent variables have been recalibrated to fit the most contemporary data. Compared with the previous (v3 DCF) full model, the updated (v4 DCF) full model has substituted the "pre-procedural clinical stability" variables for those that previously described "PCI status." Additionally, the new model version does not include stratification by "STEMI status" (STEMI vs. no STEMI) for GFR, BMI, lesion risk, or New York Heart Association class. Finally, indicators for recent cardiac arrest (<24 h), number of diseased vessels, and chronic total occlusions have been added to the updated (v4 DCF) 
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For the simplified "bedside risk scoring system," PCI status has been replaced with the composite "pre-procedural clinical stability" and the "cardiac arrest <24 h" variables (without stratification for STEMI status). Additionally, BMI, prior PCI, diabetes, and left ventricular ejection fraction have all been added to the simplified model. Model performance. Following development, each of the 3 models was applied to the validation sample. Model discrimination was assessed using a C-index, and model calibration was assessed by rank-ordering patients from lowest to highest predicted risk and comparing predicted versus observed event rates within risk strata. Although the Hosmer-Lemeshow goodness-of-fit test was expected to be significant in a sample of this size, results were provided for reference. Calibration and discrimination were further assessed within several important patient subgroups, including according to sex, age (70 years, >70 years), and presence of diabetes mellitus and STEMI. This model validation was performed as a part of the v4 model development process and is reported here to further qualify the validity of the current risk-adjustment model in contemporary practice. (Fig. 1). Following exclusions, 1,208,137 procedures from 1,252 sites remained, with an average age of 65 years and including 33% women, 36% with diabetes, and 40% with a prior PCI ( Table 1) . Pre-procedural and angiographic characteristics were well balanced across the cohorts used for mortality model development (n ¼ 724,883) and validation (n ¼ 483,254).
Results
Between July
Pre-procedural clinical instability in contemporary practice.
In total, 660,851 procedures (57%) were performed in nonelective clinical scenarios, including 37.4% urgent, 17.0% emergent, and 0.3% salvage cases. Percutaneous coronary intervention was performed within 24 h of a cardiac arrest in 1.8% (n ¼ 21,746) of patients. Cardiogenic shock and salvage status were both relatively rare within 24 h prior to the PCI procedure, and the distribution of these high-risk indicators STEMI ¼ ST-segment elevation myocardial infarction; other abbreviations as in Table 1 .
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A U G U S T 2 0 1 3 : 7 9 0 -9 was similar across most PCI centers (median: 2.6% of PCI cases, interquartile range [IQR]: 1.7% to 3.7%). Observed in-hospital mortality increased incrementally with increasing clinical acuity ( Table 2 ). In the absence of cardiogenic shock, the risk of in-hospital mortality for elective, urgent, and emergent cases was 0.2%, 0.6%, and 2.3%, respectively. In the presence of transient shock but not salvage status, the risk of in-hospital mortality was 15.1%; with sustained shock or salvage, the risk was 33.8%; and, with sustained shock and salvage, the risk was 65.9%. After adjusting for patient demographics, comorbidities, and angiographic characteristics, clinical acuity retained the strongest association with in-hospital mortality (Table 3) . Updated CathPCI Registry mortality model performance. The full, pre-cath, and bedside risk adjustment models are provided in Tables 3 and 4 Tables 1 and 2. majority of patients (>95%) had a predicted mortality risk of <5%, and only a small minority of patients (<1.5%) had a predicted risk >20% (Fig. 2) . Each of the 3 models performed well in the overall validation sample (full model, C-index: 0.930; pre-cath model: 0.929; CathPCI Registry Risk Prediction Score: 0.925) and within each of the pre-specified patient subgroups ( Table 5 ). The full model calibration plots are shown for low-risk (<5% predicted risk) and high-risk (>20% predicted risk) patients in Figure 3 . The model was well calibrated throughout the range of risk, with slight underestimation of risk among those with a predicted risk of 20% to 50% and slight overestimation among the small minority of patients with a predicted risk >50%.
Discussion
In contemporary practice, less than one-half of all PCI procedures (45%) are considered elective, and a large proportion of procedures (18%) are performed in the setting of clinical instability. Cardiogenic shock carries a significant incidence of in-hospital mortality (11), and early Tables 1 to 3 .
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A U G U S T 2 0 1 3 : 7 9 0 -9 revascularization in this setting has been shown to improve both short-and long-term survival (12) (13) (14) . In this analysis, we have shown that both the duration of shock and its association with cardiac arrest are important features in the estimation of predicted survival following PCI. Discrimination of risk within the rubric of "cardiogenic shock" is possible in the setting of a national cardiovascular procedural registry, and with the inclusion of more detailed data characterizing clinical acuity, accurate risk prediction is possible throughout the spectrum of procedural risk. Although a minority of patients (<3%) present with either cardiogenic shock or salvage status, clinical acuity remains the strongest predictor of PCI procedural mortality in contemporary practice. As in the SHOCK (Should We Emergently Revascularize Occluded Coronaries for Cardiogenic Shock) trial (12) , early mortality following PCI in the setting of cardiogenic shock remains high in contemporary practice. Nevertheless, despite the comparatively high mortality rates associated with cardiogenic shock, PCI in this setting is not a futile exercise. Among the sickest PCI patients with both sustained shock and a recent cardiac arrest, nearly 35% survived to hospital discharge. Without recent cardiac arrest, the probability of survival was considerably higher, with nearly 65% and 85% hospital survival among patients who underwent PCI in the setting of sustained or transient shock, respectively. The probability of survival for patients with cardiogenic shock is higher in contemporary practice than was previously reported by the SHOCK trial (12); however, direct comparison of these results to those previously reported is challenging. Although the definition of cardiogenic shock is nearly identical between the SHOCK trial and that used for the current CathPCI Registry DCF, the SHOCK trial analysis did not stratify patients according to persistence of shock; rather, patients were randomized within 36 h of an index myocardial infarction and no more than 12 h after the diagnosis of shock (12) . In that setting, 30-day survival among the revascularization cohort was 53.3%, which was considerably lower than that observed in contemporary practicedeven among patients with sustained shock. Demonstrates the distribution of predicted risk of in-hospital mortality in the validation sample using the full CathPCI Registry risk prediction model. Abbreviations as in Figure 1 . Demonstrates observed versus predicted mortality estimates (and the 95% confidence interval) for equally sized risk groups of (A) low-and (B) high-risk patients, based on the full-risk prediction model evaluated in the validation sample. The Hosmer-Lemeshow goodness-of-fit test statistic for the full model in the validation sample was <0.05.
Consistent with the SHOCK trial results, survival to hospital discharge among post-myocardial infarction cardiogenic shock or salvage patients treated in the CathPCI Registry between 1998 and 2002 was low (40.6%) (15) . Nonetheless, the definition of cardiogenic shock in the previous American College of Cardiology-NCDR analysis was considerably more restrictive than in DCF v4 (systolic blood pressure <80 mm Hg, cardiac index <1.8 l/min/m 2 , and pulmonary capillary wedge pressure >20 mm Hg in the setting of clinical hypoperfusion, or the requirement for mechanical or pharmacologic support to maintain a systolic blood pressure >80 mm Hg or cardiac index >1.8 l/min/m 2 ). Although the apparent contemporary improvements in the survival of patients with cardiogenic shock may be due to less restrictive data definitions or more restrictive patient selection, it is perhaps as likely that greater access to early revascularization and advances in both pharmacologic and mechanical treatment modalities are responsible for recent improvements in patient outcomes (11) .
Despite a reasonable probability of survival following PCI for even the most acute patients, considerable trepidation persists among some in the interventional cardiology community that treatment of these patients may adversely affect publicly reported clinical outcomes. On the contrary, in this analysis, we have shown that the current CathPCI Registry mortality risk prediction models are well calibrated throughout the range of risk, with a slight overestimation of risk among the minority of patients with the highest predicted risk.
In addition to further stratification of clinical stability, the updated models have included an indicator for interventions involving chronic total occlusions, building on previous work that has suggested an increased procedural risk of mortality as compared with non-chronic total occlusion interventionsdespecially when the intervention is unsuccessful (16) . Although the updated models perform well across hospitals, a quantitative appraisal of the actual impact of "extreme risk" cases on risk-adjusted hospital and provider outcomes remains the focus of ongoing research efforts.
Direct comparison of the current CathPCI Registry DCF v4 mortality models with previously published CathPCI Registry (DCF v3) models (2) is not possible. Even though calibration of the current models is similar to those previously developed (C-statistic: 0.930 vs. 0.924), the application of the 2 bedside risk prediction tools to a common clinical scenario may be instructive. In the case of a previously healthy patient 64 years of age who presents emergently to the cardiac catheterization lab with an anterior STEMI associated with transient cardiogenic shock and an EF of 45% without cardiac arrest, the patient's probability of in-hospital mortality following PCI is estimated at roughly 2% (43 points) using the current v4 CathPCI Registry model. By comparison, using the v3 CathPCI Registry model, this same patient would have had an estimated probability of in-hospital mortality of roughly 10% (49 points). As demonstrated here, although population-level risk discrimination is similar for each of these models, the difference in actual risk estimation is apparent among certain high-risk patient populations.
Risk prediction models have multiple clinical applications, including patient and family counseling, as a foundation for quality assessment and improvement. As an adjunct to patient counseling, the CathPCI Registry mortality models have been incorporated as the backbone of the recently presented Personalized Risk Information Services Manager, or PRISM, consent process (3). In addition, both the National Quality Forum (4) and the Leapfrog Group (5) have endorsed the use of the CathPCI Registry model of risk-adjusted in-hospital mortality following PCI as a quality standard; the measure is used by multiple payers, including Blue Cross Blue Shield, WellPoint, and UnitedHealthcare Services for both quality improvement and recognitionreward programs. Given their wide application, it is vital that these models are reflective of both: 1) the most current understanding of clinical characteristics associated with PCI-related mortality; and 2) the most contemporary PCI cohort available. The current CathPCI Registry mortality models are responsive to both of these needs. Study limitations. Despite its expanding role as the largest clinical PCI registry in the United States, the CathPCI Registry under-represents smaller volume practices. Even though the NCDR has a Data Quality Program (which includes an assessment for reasonableness and completeness via the data quality report) and a data validation (audit) program (17) , the data remain susceptible to collection and reporting biases and errors. Although variables indicating procedural acuity have strict data definitions, the accuracy of coding of these variables is particularly susceptible to centerlevel variation. In addition, even though the current version of the CathPCI Registry includes several important variables that are associated with a high-risk for in-hospital mortality, there may be other clinical characteristics (such as patient frailty) (18) that are also prognostically important. Such variables are difficult to capture in the context of a quality improvement registry, but may further refine risk prediction.
Conclusions
Despite apparent improvements in survival in the setting of high-risk PCI, peri-procedural clinical instability remains a powerful predictor of in-hospital mortality. With the inclusion of indicators for high-risk PCI, the updated CathPCI Registry DCF v4 mortality models perform well in both low-and high-risk PCI patient populations. employment at the institution where this study was conducted.
